Purpose: Hearing loss is a common clinical feature in classic mitochondrial syndromes. The purpose of this study was to evaluate the diverse molecular etiologies and natural history of hearing loss in multi-systemic mitochondrial cytopathies and the possible correlation between degree of hearing loss and neurological phenotype. Methods: In this retrospective study we evaluated the clinical features and molecular bases of hearing loss associated with multi-systemic mitochondrial cytopathy. Forty-five patients with sensorineural hearing loss and definite diagnosis of mitochondrial cytopathy according to the published diagnostic criteria were studied. Results: The sensorineural hearing loss was progressive and for the most part symmetrical with involvement of the higher frequencies. Both cochlear and retrocochlear involvement were found in this cohort. No correlation was found between the degree of hearing loss and the number and severity of neurological manifestations. Deleterious mtDNA point mutations of undisputed pathogenicity were identified in 18 patients. The A3243G mutation was the most frequently encountered among this group. MtDNA depletion, over-replication, and multiple deletions were found in further 11 cases. 
Hearing loss is the most common neurosensory disorder in humans 1,2 with an incidence of approximately 1 in 1,000 children. 1 Hereditary deafness is extremely genetically heterogeneous with more than 40 autosomal dominant (DFNA), 30 autosomal recessive (DNFB), and 6 X-linked (DFN) genes for non-syndromic deafness that account for 60 -70% of inherited hearing impairment. 3 The most common cause for non-syndromic autosomal recessive hearing loss is caused by mutations in Connexin 26, a gap junction protein encoded by the GJB2 gene. 4 -6 However, about 30 -40% of hereditary deafness is syndromic presenting with other clinical features in addition to hearing impairment. More than 30 nuclear genes, including those encoding transcription factors and gap junction proteins in Waardenburg syndrome and Usher syndrome, have been identified as responsible for syndromic hearing loss. 3 Although the majority of cases with hereditary hearing loss are caused by nuclear gene defects, in recent years, it has become clear that mitochondrial genes and nuclear genes that affect mitochondrial biogenesis and function also play an important role.
Sensorineural hearing loss (SNHL) is one of the most prevalent and recognized clinical features of mitochondrial cytopathies. 2, 7 Mutations in mitochondrial DNA (mtDNA) can cause non-syndromic hearing loss. 2, 8, 9 The most well-studied mutation is the (A1555G) mutation in the mitochondrial 12S rRNA gene causing the non-syndromic hypersensitivity to ototoxic effects of aminoglycosides by increased binding of aminoglycosides to mitochondrial ribosomes, leading to the disruption of mitochondrial protein synthesis. 10, 11 Another recently identified mutation in the mitochondrial 12S rRNA gene is the T1494C in the conserved stem structure of 12S rRNA. 12 Other nucleotide changes at position 961 in the12S rRNA gene have been found to be associated with hearing loss. However, further studies are required to confirm whether and how often these changes would predispose carriers to aminoglycoside toxicity. 13, 14 Several mutations in the mitochondrial tRNA ser(AGY) gene are also known to cause maternally inherited non-syndromic hearing loss (MIHL) by disturbing the tRNA structure and function. 15 Mitochondrial respiratory chain disorders are clinically and genetically heterogeneous, with central nervous system, skeletal, and cardiac muscle being the most susceptible tissues, and often manifest as multi-organ dysfunction that can include hearing loss as a clinical feature. The most well-known mtDNA mutations associated with multi-systemic disease and hearing loss are the A3243G mutation associated with MELAS (mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes) syndrome and the large mtDNA deletion in KearnsSayre syndrome (KSS). The A3243G mutation and large mtDNA deletions have been found in large pedigrees of maternally inherited diabetes and deafness (MIDD). 16, 17 Other mtDNA mutations may also cause syndromic deafness. 2 A systematic clinical and molecular analysis of patients with hearing loss and associated multi-systemic mitochondrial cytopathies has never been conducted using the established modified adult diagnostic criteria for the diagnosis of mitochondrial disease. These criteria have been adapted in order to improve the detection of mitochondrial cytopathies in children. 18 The clinical aims of the study were to evaluate the natural history of hearing loss in these patients. We determined if there was a correlation between the degree of hearing loss and the observed neurological features in this group of patients. In addition, we report the results of an exhaustive investigation of the mtDNA defects in this cohort. A comprehensive clinical study and molecular analysis of mtDNA mutations in patients with hearing loss and associated multi-systemic mitochondrial cytopathies is relevant to facilitate genetic counseling and appropriate patient care.
METHODS

Patients and specimens
A retrospective study with review of medical records was conducted at Texas Children's Hospital, Georgetown University Medical Center, Children's National Medical Center, The Hospital for Sick Children in Toronto, and The Mayo Clinic to clinically evaluate patients with suspected mitochondrial disease between January, 1998 to December, 2003. Blood and/or skeletal muscle tissue samples from these patients were sent to the Molecular Genetics Laboratory, Institute for Molecular and Human Genetics, at Georgetown University Medical Center for molecular diagnosis of mtDNA disorders during that period of time. DNA was extracted from blood or skeletal muscle specimens according to published procedures. 19, 20 The clinical summaries, diagnostic studies, and demographic information of these patients were thoroughly reviewed concomitantly with the molecular analysis of submitted specimens. The study was approved by the Georgetown University Medical Center Internal Review Board and informed consent was obtained from the human subjects involved.
Clinical parameters that were evaluated in addition to hearing loss included developmental delay, abnormalities of muscular tone, movement disorder, seizures, stroke-like episodes, peripheral neuropathy, ophthalmologic disease, cardiomyopathy, arrhythmia, gastrointestinal symptoms, and endocrinopathy (including diabetes).
Relevant findings in diagnostic studies that were analyzed included central nervous system imaging abnormalities, lactic acidosis, histopathologic evidence of mitochondrial proliferation, cytochrome c oxidase deficiency by enzyme histochemistry, ultrastructural abnormalities of mitochondria, types of RC defect by biochemical analysis, and mtDNA mutations.
Patients were classified using the modified diagnostic criteria with definite, probable, and possible mitochondrial disease. 18 Only the patients with definite diagnosis were included in this analysis. In this study, a systematic evaluation of mutations in nuclear genes encoding for mitochondrial respiratory chain protein subunits or involved in mtDNA biosynthesis was not performed.
Audiological evaluation
A complete audiological evaluation consisted of measurements of pure-tone and speech audiometry, tympanometry, acoustic reflexes, evoked and distortion-product otoacoustic emissions, as well as auditory brainstem evoked responses. However, not all patients had all these evaluations depending on the patient's age, developmental maturity, and level of cooperation.
Analysis of common mtDNA mutations
The samples were analyzed for the presence of large deletions and 11 common point mutations; A3243G, T3271C,  G3460A, A8344G, T8356C, G8363A, T8993G, T8993C, G11778A,  G14459A, and T14484C , by southern blot and allele specific oligonucleotide (ASO) dot blot analysis, respectively, according to published procedures. 21, 22 Mutational analysis Of mtDNA mutations responsible for mitochondrial non-syndromic hearing loss DNA samples from all patients with hearing loss were analyzed for the presence of mtDNA mutations responsible for mitochondrial non-syndromic hearing loss. Two primer pairs, mtF1351/mtR1762 and mtF7234/mtR7921 (the number stands for the 5= nucleotide position of the 20-mer primer) were used in multiplex PCR/ASO analysis for point mutations: A1555G, T7445C, 7242insC, T7510C, T7511C, and T7512C. The PCR products were dotted onto nylon membrane followed by hybridization with wild type or mutant ASO probes as described previously. 21, 22 In addition, the T961G mutation in the mitochondrial 12S rRNA gene was analyzed by PCR/ RFLP method using forward primer mtF770; 5=CAATGC-AGCTCAAAACGC3= and reverse primer mtR1156; 5=GGTC-CTTTGAGTTTTAAGC3= for amplification followed by AciI (recognizes CCGC) restriction enzyme digestion that gives 2 fragments (127 and 275 bp) for wild type mtDNA and 3 fragments (127, 62, and 213 bp) for mutant mtDNA with T961G mutation.
Deletion analysis by PCR
Multiple deletions not detectable by Southern analysis were investigated by PCR using mtF8295/mtR13738 and mtF8295/ mtR14499 primer pairs followed by agarose gel analysis. Deletions were also confirmed by real time quantitative PCR (real time qPCR) analysis (see below).
Whole mitochondrial genome mutational analysis using temporal temperature gradient gel electrophoresis (TTGE) Mutations in the entire mitochondrial genome were studied by TTGE analysis using 32 pairs of overlapping primers according to published procedures. 23 To identify the nucleotide sequence alterations, DNA fragments showing abnormal TTGE banding patterns were sequenced by direct DNA sequencing of the PCR product using a BigDye terminator cycle sequencing kit (Perkin Elmer) and an ABI 377 (Applied Biosystem) automated sequencer.
Real-time quantitative PCR analysis of mtDNA content
Southern undetectable multiple deletions and mtDNA depletion were analyzed simultaneously with real-time qPCR method. For mtDNA, two regions, np3212-3319 (tRNA Leu(UUR ) and np12093-12170 (ND4) were amplified for the measurement of mtDNA content. Region np3212-3319 is almost always (Ͼ97%) present in all mtDNA molecules including the deletion mutants. Therefore this region can be probed for the total mtDNA amount. Region np12093-12170 is deleted in 97% of the deletion molecules that have been reported. Thus, probe in this region is used to measure the amount of nondeletion molecules. The difference in the amount of total and nondeletion mtDNA molecules is the amount of deletion mtDNA molecules. The beta-2 microglobulin (b2M) gene is used as the nuclear gene (nDNA) normalizer for the calculation of mtDNA to nDNA ratio. The target sequences were detected by using TaqMan probes; 6FAM-5=TTACCG-GGCTCTGCCATCT3=-TAMRA, 6FAM-5=CATCATTACCGGG-TTTTCCTCTTGTA3=-TAMRA, and VIC-5=TTGCTCCACAGG TAGCTCTAGGAGG3=-TAMRA for mt DNA regions np3212-3319 and np12093-12170, and 2M respectively. The primers are: 5=CACCCAAGAACAGGGTTTGT3= (forward) and 5=TG-GCCATGGGTATGTTGTTA3= (reverse) for mtDNA np3212-3319 region; 5=TCCTCCTATCCCTCAACCCC3= (forward) and 5=CACAATCTGATGTTTTGGTTAAAC3= (reverse) for mtDNA np12093-12170 region; and 5=TGCTGTCTCCATGTTTGATG-TATCT3= (forward) and 5=TCTCTGCTCCCCACCTCTAAGT3= (reverse) for b2M gene.
The 20 L PCR reaction contained 1ϫ Platinum qPCR SuperMix-UDG Master Mix (Invitogen, Carsbad, CA), 300 M of each primer, 100nM of TaqMan probe, 0.4 L of Rox dye (supplied by the manufacturer), and 2 g of total genomic DNA extract. Real-time PCR conditions were 2 minutes at 50°C, 10 minutes at 95°C, followed by 40 cycles of 15 seconds of denaturation at 95°C, and 60 seconds of annealing/extension at 60°C. Real-time qPCR analysis was performed on Sequence Detector System ABI-Prism 7700. 24 -26 The cut-off of Ͻ30% and Ͼ140% of age-matched mean mtDNA content to be significant for mtDNA depletion and over-amplification was arrived based on our previous studies of approximately 350 muscle specimens. 24 -26 Mutational analysis of GJB2 gene
The entire coding region of GJB2 gene was amplified by PCR using forward primer F131; 5=TCTGTCCTAGCTATGT-TCCT3=, and reverse primer R926; 5=ATCCCTCTCATGCT-GTCTAT3=, followed by direct DNA sequencing using BigDye terminator cycle sequencing kit (Perkin Elmer) and an ABI 377 (Applied Biosystem) automated sequencer. The sequencing results were compared with the wild type GJB2 sequence in the GenBank (accession number M86849).
Statistical analysis
Statistical analysis was performed using SPSS (SPSS Inc, Chicago, IL). Kruskal Wallis was used to compare medians. Regression analysis was used to calculate correlation coefficient.
RESULTS
Patients
One thousand five hundred subjects suspected of mitochondrial disorders were evaluated for mitochondrial cytopathies in the different centers participating in the study. Among them, one hundred fifteen patients were determined to have a definite diagnosis of mitochondrial disease according to the modified diagnostic criteria (Table 1) . 18 Of these 115, 45 (40%) were found to have sensorineural hearing loss (SNHL) in addition to other features of mitochondrial disease. Among these 45 patients, 30 (66%) had a complete audiological evaluation. Mutations in connexin 26 (GJB2) gene were not detected in our patients. The age range of our subjects was between 5 months and 83 years of age with a median age at onset of hearing loss of 7 years. Overall, the SNHL in this cohort was symmetric and progressive. Seventy percent (31/45) of the patients had cochlear involvement, 15% (7/45) had retrocochlear involvement, and 15% (7/45) had both. The gender ratio in our cohort (0.73), exhibited a slight female predominance that was not statistically significant (P ϭ 0.23).
The predominant clinical presentations were classical mitochondrial syndromes in 16 patients and non-specific encephalomyopathy in 15 patients. No correlation was found between the degree of severity of hearing loss and the number and severity of neurological symptoms (hypo-or hypertonia, ataxia, movement disorder, ptosis, external ophthalmoplegia, frequency of seizures and stroke-like episodes, peripheral neuropathy, brainstem alterations, visual impairment, and mental retardation).
Molecular bases of hearing loss in mitochondrial cytopathy
Categories of molecular defects in hearing loss associated with multi-systemic mitochondrial cytopathies All patients were analyzed for mtDNA common point mutations and deletions. If negative, they were subsequently subjected to TTGE analysis of the entire mitochondrial genome. If muscle specimens were available, they were also analyzed by real time quantitative PCR to determine mtDNA depletion and over-replication. Overall, 29/45 (64%) patients with hearing loss associated with multi-systemic mitochondrial cytopathy harbored molecular defects in mtDNA (Table 2 ). Based on these findings, the patients were classified in three categories: I) patients with point mutations or single mtDNA deletions of undisputed pathogenicity; II) patients with multiple mtDNA deletions, and alterations in mtDNA copy number (depletion and over-replication); and III) patients with definite mitochondrial disease and mtDNA alterations of unknown significance (Table 3 ). The median age of onset of hearing loss in the three groups was 21 years, 3.5 years, and 3.5 years respectively (P Ͻ 0.001 Kruskal Wallis).
Overall, 69% (29/45) of the patients with hearing loss associated with multi-systemic mitochondrial cytopathy had identifiable pathogenic mtDNA alterations, including 14 subjects with pathogenic mutations in mitochondrial tRNA genes, 1 subject with a mutation in the mitochondrial 12S rRNA gene, 1 subject with a mutation in a protein coding gene, 2 subjects with large deletions in mitochondrial DNA, and 11 subjects with alterations in mtDNA integrity and copy number (including multiple deletions, depletion, and/or over-replication). One of the patients affected with mtDNA depletion also harbored the mild primary LHON mutation G15257A and a secondary LHON mutation G15812A. Most of the patients had Multiple deletions, depletion, and over-replication 11
Depletion (30% of age-matched mean) 5
Over-replication 4
Multiple deletion (20% mutant load) 1 mtDNA depletion and multiple deletion 1 Table 1 Modified diagnostic criteria applied to subjects who were referred for evaluation of mitochondrial disease (®MDBU; N ϭ 1,500) 
Patients with proven pathogenic mutations
Eighteen out of 45 patients (40%) in our cohort with hearing loss associated with mitochondrial cytopathy were found to have either single deletions or point mutations with proven pathogenicity. Within this group, the most common molecular mechanism was represented by mutations in mitochondrial tRNA genes observed in 15 patients (83%) and the most frequent mutation was the A3243G transition in the mitochondrial tRNA Leu(UUR) gene which was found in 12 patients (66% of the patients in group I) with the mutant heteroplasmy in blood varying from 10 -66% (Table 3 ). The majority (7/12, 58%) of patients carrying the A3243G mutation exhibited a step-wise, abrupt hearing loss in association with stroke-like episodes whereas the remainder (5/12, 42%) of the patients with no stroke-like episodes had a more gradual onset of SNHL. No correlation was found between mutant load in blood and hearing loss in decibels (dB) and between degree of severity of hearing loss and the patient's age in this group of patients. The spectrum of clinical manifestations of the patients with MELAS ranged from milder features such as short stature, failure to thrive, hypotonia, and exercise intolerance to more severe ones such as pancreatitis, diabetes, cardiomyopathy, cardiac arrhythmias, seizures, and stroke-like episodes. The majority of patients (9/12, 75%) had isolated cochlear involvement whereas 1 (1/12, 8%) exhibited both cochlear and retrocochlear involvement and 2 (2/12, 17%) had isolated retrocochlear involvement.
Only one patient in our cohort (patient 14m) carried the common A8344G MERRF mutation (95% mutant load on skeletal muscle specimen). This patient also carried a novel homoplasmic mutation T5553C in the mitochondrial tRNA trp gene.
The novel G to A transition in position 5783A was found in the stem region of the T arm of tRNA cys . This novel mutation, disrupting a base-pair in an evolutionarily highly conserved region, was present at 95% and 96% mutant heteroplasmy in the renal tissue and skeletal muscle, respectively (Table 3 , I-18k, mt4618) with multi-systemic disease involving neuroophthalmological, cardiac, musculoskeletal, renal, gastrointestinal, and endocrine systems. Mitochondrial respiratory chain enzyme assays on skeletal muscle revealed deficiencies of complexes I, III, and IV and histopathology revealed abundant mitochondria with concentric cristae.
Patient 1b was found to carry the A1555G mutation in the mitochondrial 12 seconds rRNA gene and in addition, she harbored multiple mtDNA deletions (Table 3 ). This patient exhibited multi-systemic CNS and musculoskeletal symptoms in addition to diabetes and hearing loss and a family history significant for maternally inherited hearing loss (MIHL).
The G14459A was the only mitochondrial protein coding gene mutation responsible for the disease phenotype found in this cohort of patients (patient 17m) ( Table 3) .
Two patients (15m and 16m) carried a single deletion of mitochondrial DNA. Patient 15m had features of CPEO plus and patient 16m had Kearns Sayre syndrome (Table 3) .
TTGE analysis identified numerous polymorphisms (data not shown). However, most are silent substitutions leading to conserved amino acid changes or missense changes not located in structurally or functionally important regions without clinical consequences.
Patients with multiple mtDNA deletions and alterations in mtDNA copy number
Since there is variation in muscle mtDNA content among individuals, only a mtDNA content of Յ30% or Ͼ140% of age-matched mean was considered significant. Twenty-four percent (11/45) of the patients in the cohort exhibited alterations in mtDNA copy number including mtDNA depletion, over-replication, and multiple deletions (group II) with 5 patients (patients 19m, 21m, 25m, 26m, and 28m) exhibiting mitochondrial DNA depletion, 4 patients (patients 20m, 22m, 23m, and 29m) exhibiting mitochondrial DNA over-replication, one patient (patient 24m) with multiple mtDNA deletions, and one patient (patient 25m) that concomitantly had multiple mtDNA deletions and mtDNA depletion (Table 3) .
Patients with hearing loss and multi-systemic mitochondrial cytopathy and no significant mtDNA alterations
The remainder of the patients (16/45, 36%) did not harbor any alterations in mtDNA (group III). Analysis of other mutations that have been associated with non-syndromic hearing loss identified one patient (patient 34b) with a T961G transversion and a patient (patient 33b) with a 961 delTinsC3 (C5TC4C12) in the mitochondrial 12S rRNA gene (Table 3) .
DISCUSSION
Given the difficulty of studying RC defects in the absence of perfect diagnostic criteria or a gold standard test for the diagnosis of mitochondrial disease, the modified Walker criteria represent the best diagnostic tools currently available.
Sensorineural hearing loss is a commonly observed clinical feature in mitochondrial cytopathies. 27 The percentage of sensorineural hearing loss caused by mtDNA mutations is not very well known. According to Hutchin and Cortopassi, 2 as much as 15% of familial non-syndromic postlingual hearing loss shows a pattern of transmission compatible with maternal inheritance. However, it is not known to what extent mtDNA mutations are responsible for that observed transmission pattern and more studies are required to elucidate that hypothesis. The frequency of hearing loss in mitochondrial cytopathies has been found to be quite variable (19.8 -80%) based on different studies. 7, 28 Scaglia et al. 29 found sensorineural hearing loss in 21% of subjects belonging to a cohort of patients with definite mitochondrial disease not carrying the A1555G mutation. This was consistent with the results of a survey of review articles (appearing between 1984 and 1993) conducted by Gold and Rapin that showed 19.8% of the patients with mitochondrial cytopathies exhibiting SNHL. 2, 7 Our current study found a higher frequency (40%) of SNHL in a population of patients with definite mitochondrial cytopathies. We assume that the results of studies conducted by Gold and Rapin and Scaglia et al. 7, 29 could represent an underestimate since not all patients underwent a formal hearing evaluation as part of their diagnostic work-up and the patients who did not undergo the evaluation with a presumably normal hearing history were assumed to have a normal hearing. In addition, the ascertainment criteria used in the study conducted by Gold and Rapin were not specified. 7 In that same report, a total of 117 individual case reports of mitochondrial cytopathies were reviewed and progressive hearing loss was reported in the majority (59%) of patients that were classified as having mitochondrial cytopathies. 7 Edmonds et al. 28 found that hearing loss was the most common clinical finding associated with mitochondrial disease and 80% of the patients undergoing testing had evidence of hearing loss or significant auditory dysfunction. This observed discrepancy could be due to different stringency in the diagnostic criteria compared to the modified diagnostic criteria 18 used in our study. Another factor to consider could be the different age range of the patients. The median age of patients in our study was 7 years. However, SNHL was noted at a mean age of 25.2 years in the report by Gold and Rapin. 7 It is possible that older patients may have a higher frequency of hearing loss due to their protracted clinical course. The median age of onset of SNHL in the paper by Edmonds et al. was not stated. 28 More than one-third (18/45, 40%) of our patients harbor well known mtDNA mutations typically associated with classical mitochondrial syndromes such as MELAS, MERRF, CPEO plus and Kearns Sayre syndrome. This percentage is higher than the 11% and 16%, respectively, reported by Scaglia et al. and Skladal et al., 29, 30 which included only pediatric patients. This discrepancy could be due to the inclusion of several adults in whom mtDNA mutations are more prevalent. 31 Another factor could be the more extensive mutational analysis performed in our selected group of patients.
Non-specific encephalomyopathy is another clinical presentation that accounts for a third of the cases in our patients with SNHL and associated mitochondrial disease. Most of the patients with these non-specific features are in a pediatric age range consistent with the findings reported by Scaglia et al. and Skladal et al. 29, 30 There was a much later age of onset of SNHL for the group with pathogenic mtDNA point mutations and single deletions when compared with the two other groups (Kruskal Wallis P Ͻ 0.001). This statistically significant difference also applied when the age of onset of clinical features and age at diagnosis between the three groups where compared (Kruskal Wallis P Ͻ 0.001). These findings would support the hypothesis that there are clinical differences in patients with mitochondrial cytopathies as a result of mtDNA compared with nuclear DNA mutations and greater clinical severity, earlier onset and a possible autosomal recessive inheritance in the latter. 31 No correlation between the degree of hearing loss and the number and severity of clinical and neurological symptoms (hypo-or hypertonia, ataxia, movement disorder, ptosis, external ophthalmoplegia, frequency of seizures and stroke-like episodes, peripheral neuropathy, brainstem alterations, visual impairment, and mental retardation) could be found in our cohort, suggesting that the degree of hearing loss could not be used as a prognostic indicator of disease progression. It should be noted that this study was design to collect retrospective qualitative data rather than quantitative data.
This study demonstrates that cochlear damage is the predominant mechanism of SNHL in mitochondrial cytopathies. 32, 33 Otoacoustic emissions, a sensitive index of cochlear outer hair cell function, were universally absent in all patients with moderate or severe hearing loss. Since the energy molecule ATP is essential for the function of the stria vascularis and cochlea hair cells to maintain the ionic gradients required for sound signal transduction, ATP depletion would lead to the compromise of these postmitotic metabolically active tissues, resulting in SNHL. 34 A minority of patients in our cohort who presented with mild hearing impairment exhibited normal otoacoustic emissions and abnormal ABERs suggesting that a retrocochlear dysfunction like that observed in auditory neuropathy may be present. Given the fact that these patients had normal imaging studies that did not suggest acoustic nerve damage, these patients could exhibit a progressive auditory neuropathy. Auditory neuropathy or dys-synchrony is a recently described pattern of hearing loss, diagnosed in association with audiological findings of abnormal brainstem responses in combination with normal otoacoustic responses. 35 It has been reported in patients with mitochondrial cytopathies, more specifically in Leber hereditary optic neuropathy associated with the G11778A mutation. 36 Further investigations are necessary to determine whether central auditory neuropathy is a more common feature of mitochondrial cytopathies.
Most of the point mutations were found in tRNA genes of mitochondrial genome alluding to a potential dysfunction of mitochondrial protein synthesis that could be deleterious to the cochlea. 2 
Mutations in mitochondrial tRNA genes
Sixty-seven percent (12/18) of the subjects with mtDNA alterations carried the common A3243G mutation in the mitochondrial tRNA Leu gene. The frequency of this mutation in our cohort is higher than that reported by Chinnery et al. in a group of patients with hearing loss due to mtDNA defects. 32 The high frequency of this mutation in patients with hearing loss and mitochondrial multi-systemic cytopathy is not surprising since it is the most commonly found mtDNA mutation. 2 Similarly, Kadowaki and coworkers reported this mutation in three out of five subjects with diabetes and deafness. 37 In addition, almost three-fourths of patients with classic MELAS syndrome suffer from bilateral sensorineural hearing loss 38 ; although other patients carrying the same mutation may only suffer from diabetes and/or deafness. In our cohort, all patients with this mutation had other features of mitochondrial disease. In the majority of the reported cases, diabetes usually starts before the onset of hearing loss. 37, 39 Of interest, however, most (11/12, 92%) of the patients with this mutation in the cohort exhibited SNHL with no concurrent evidence of glucose intolerance or diabetes.
Fifty-eight percent (7/12) of the patients with this mutation experienced stepwise, abrupt loss of hearing in association with stroke-like episodes. This is in agreement with the findings by Chinnery et al. where the majority of the patients (80%) carrying the A3243G mutation exhibited an abrupt, stepwise hearing loss which usually occurred in association with strokelike episodes. 32 Moreover, this was also observed by Sue et al. suggesting that acute metabolic compromise of the stria vascularis may cause irreversible functional loss of the cochlear hair cells. 33 In our patients with the A3243G mutation, the correlation between mutation load in blood and their mean age-corrected hearing loss in decibels did not reach statistical significance and no relationship was observed between severity of hearing loss and patient's age. This was in agreement with the observations of Chinnery et al. 32 We could speculate that a direct correlation between the percentage of mutant mtDNA in skeletal muscle and the mean age-corrected hearing loss in dB may exist however the diagnosis in our MELAS cohort was established mostly in blood.
Most of our patients with SNHL and a A3243G mutation had cochlear involvement. This finding seemed to be in agreement with a previous publication. 33 One of our patients (Patient 8) carrying this mutation presented with both cochlear and retrocochlear involvement and had mild hearing loss. It has been suspected that retrocochlear dysfunction is a secondary event to primary cochlear damage and that it would be seen with advanced disease. 40 However, the finding of retrocochlear involvement with mild hearing loss suggests that it is not always observed with advanced inner ear disease. In addition, concurrent cochlear and retrocochlear involvement in patients with the A3243G mutation MELAS syndrome was also observed by Zwirner and Wilichowski suggesting that retrocochlear dysfunction may also occur in this mitochondrial syndrome. 41 A novel heteroplasmic G5783A mutation in the mitochondrial tRNA cys gene was discovered. This mutation is undoubtedly pathogenic since it is heteroplasmic in the renal and skeletal muscle tissue of the patient and it is located in the highly conserved stem region that is important in the maintenance of structural integrity and stability of mitochondrial tRNAs. [33] [34] [35] This patient presented with early onset deafness expanding the molecular spectrum of hearing loss associated with multsystemic mitochondrial.
MtDNA single deletions
Single mtDNA deletions may also lead to hearing loss. 17 In our study, the clinical findings of SNHL in patients with single mtDNA deletions were very different to the ones observed in patients with mutations in mitochondrial tRNA genes. Both patients with single mtDNA deletions displayed a slowly progressive, bilateral, symmetrical, high frequency SNHL. This finding further supports what has been reported by Chinnery et al. 32 Missense mutations in mitochondrial protein-coding genes One of our patients in this cohort presenting with encephalopathy and mild sensorineural hearing loss exhibited a homoplasmic G14459A mutation in the ND6 gene. This mutation, which changes a conserved alanine to valine, has been found to be responsible for LHON, LHON plus dystonia, and pediatric dystonia in previously published cases. 42, 43 Our patient had sensorineural hearing loss with evidence of retrocochlear involvement. Trivial sensorineural hearing loss with an abnormal ABER has been previously reported in another patient carrying this mutation. 42 In addition, sensorineural hearing loss with retrocochlear involvement has also been observed
Molecular bases of hearing loss in mitochondrial cytopathy
in two additional patients with LHON and the G11778A mtDNA mutation. 36 These findings further support the notion that patients with primary LHON mutations should undergo a hearing evaluation as part of their diagnostic work-up and expands the spectrum of primary LHON mutations associated with SNHL.
Missense LHON secondary mutations, 15257GA (D171N in cyt b),15812GA (V356M in cyt b), and 4216TC (Y304H in ND1) were also found in patient 28m whose skeletal muscle specimen contained reduced amount (25% of age-matched mean) of mtDNA. Since the molecular defects responsible for the observed mtDNA depletion in this patient has not been identified, it is not clear if these secondary LHON mutations would have any effect on the clinical expression of hearing impairment.
Mitochondrial ribosomal RNA gene mutations
The 1555 AG mutation has been shown to be associated with aminoglycoside induced non-syndromic hearing loss due to the resemblance of the mutant 12S rRNA to bacterial 16S rRNA structure that binds to antibiotics. 11, 12 Variable penetrance of hearing loss and a mild biochemical defect associated with this mutation suggests that by itself it may not be sufficient to cause the phenotype however other factors such as exposure to aminoglycosides, nuclear modifier genes, and/or other mtDNA mutations may modify the penetrance of hearing loss. 44, 45 The patient carrying this mutation in our cohort exhibited multi-systemic involvement (ataxia, hypotonia, exercise intolerance, peripheral neuropathy, and diabetes) in addition to sensorineural hearing loss. Although mostly associated with aminoglycoside-induced and non-syndromic hearing loss, this mutation has been previously described in one family with Parkinson disease, one with spinal and pigmentary disturbances, and in one case of a woman with restrictive cardiomyopathy. 46 -48 However these diverse/heterogeneous manifestations might not be causally related to this mutation and may be expressed secondary to the presence of other genetic and/or environmental factors. In our patient, multiple mtDNA deletions were detected by PCR, however the significance of this finding is unclear since deletions of the mitochondrial genome accumulate in humans during the aging process. 49 We identified one patient with the 961TG mutation and one patient with the 961delTinsC 3 (nt956 to nt965, C 5 TC 4 to C 12 ) in the mitochondrial 12S rRNA gene. However, the clinical significance of these mutations in hearing impairment is uncertain. The 961TG mutation was found in 3% of pediatric patients with non-syndromic deafness. 50, 51 The C insertion at 961 was found to modify the phenotypic expression of deafness associated with 1555 AG. 50, 51 This mutation was not found in 226 Caucasian and 364 Chinese control subjects and it was suggested that this mutation might play a role in the pathogenesis of hearing loss. 50, 51 However Kobayashi et al. found that although 2% of patients with SNHL carried the 961delT mutation, a similar frequency was found in the general population and that hearing loss did not cosegregate with the presence of this mutation. 52 Alterations in mitochondrial copy number MtDNA depletion, over-replication, or multiple deletions may be secondary to a primary nuclear gene defect. Since the nuclear gene defect affects the mtDNA copy number or the integrity of the mtDNA, the clinical expression is expected to be consistent with a mitochondrial cytopathy.
For the first time, we found that mtDNA over-replication can be associated with SNHL. MtDNA over-replication has been associated with a 2-to 4-fold increase in the mtDNA copy number 53, 54 in patients with an atypical form of Kearns Sayre syndrome caused by mitochondrial DNA deletion and in patients with a hepatocerebral form of neonatal lactic acidosis. These disorders, characterized from a biochemical standpoint, are associated with an abnormally increased amount of mtDNA, which does not translate into normal mitochondrial enzyme activities since the patients with the hepatocerebral phenotype were found to have severe respiratory chain defects. 53 Only one of the patients in our cohort (patient 23m) demonstrated hepatocerebral involvement whereas the other three displayed a neuromuscular phenotype in addition to SNHL, expanding the clinical spectrum described in association with this alteration of mtDNA copy number. Thus far the molecular etiology of mtDNA overreplication has not been resolved.
Five patients were found with predominant mtDNA depletion (Յ30% mtDNA content of age-matched mean) and SNHL. These patients presented with a predominant neuromuscular phenotype and two had cardiac involvement. Mitochondrial DNA depletion syndromes are caused by defects of mtDNA replication and maintenance of deoxynucleotide pools and are transmitted mainly in an autosomal recessive fashion. 55 In the published literature, deafness has been reported in a phenotype characterized by a late onset and slower progression in four children with multi-systemic involvement and mtDNA depletion. Three of these patients met diagnostic criteria for Kearns-Sayre syndrome which has not been typically associated with mitochondrial DNA depletion. 56 The median age of onset of hearing loss in our patients with mtDNA depletion was thirteen years. Since the majority of the patients affected with mtDNA depletion syndromes usually have an earlier onset and more severe course, 55 it is possible that many of the patients described in the literature have succumbed prior to any formal hearing evaluation.
The two patients with multiple deletions and SNHL presented at 2 and 15 years of age, respectively, with a phenotype consistent with ptosis, ophthalmoparesis, hypotonia, ataxia, and seizures. These cases were sporadic and given the early age of onset of symptoms an autosomal dominant mode of inheritance caused by mutations in the Twinkle, ANT1, POLG genes is unlikely. An autosomal recessive form of PEO and multiple deletions has also been described caused by mutations in the POLG gene however the onset of PEO in these patients is usually in the late teens. 57 In conclusion, we provided a clinical and molecular characterization of hearing loss associated with multi-systemic mitochondrial dysfunction in a population of patients with definite mitochondrial disease by using the modified adult criteria. SNHL was found to be progressive and for the most part symmetrical and initially affecting higher frequencies. Our findings support the notion that most cases of mitochondrial SNHL have a cochlear basis however retro-cochlear disease may occur in the SNHL found in mitochondrial cytopathies. No correlation was found between the degrees of hearing loss and the number and severity of neurological manifestations. The spectrum of mtDNA abnormalities associated with sensorineural hearing loss continues to expand. Thus, in addition to screening for common mtDNA point mutations and single deletions, a systematic evaluation for low percentage of multiple deletions and mtDNA content for either depletion or over-replication by real time quantitative PCR is helpful. Screening the entire mitochondrial genome for unknown mutations using an effective mutation detection method such as TTGE may also be necessary although in this study only one novel mutation (the 5783 GA transition in the mitochondrial tRNA cys gene) was identified as the primary cause of the disease. A prospective study will then be needed to better assess the natural history of sensorineural hearing loss in such patients to evaluate the frequency of central auditory impairment in carefully defined hearing loss associated multisystemic mitochondrial cytopathy.
